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1. INTRODUCTION {#hbm24715-sec-0001}
===============

The mechanism behind the interpretation and encoding of our immediate environment usually depends on multisensory integration (MSI) processes, in which different sensory channels processing information independent of one another are integrated into a unique and coherent picture. Thus, it is by combining information from complex, cross‐modal stimuli, that the human brain produces unitary perception (Stein & Stanford, [2008](#hbm24715-bib-0090){ref-type="ref"}). The inferior parietal sulcus (IPS) and the superior temporal sulcus (STS) have been found to play key roles in mediating information exchange between the primary sensory cortices to facilitate conclusions regarding the identity of particular objects (Beauchamp, Lee, Argall, & Martin, [2004](#hbm24715-bib-0008){ref-type="ref"}; Fairhall & Macaluso, [2009](#hbm24715-bib-0028){ref-type="ref"}; Grefkes, Weiss, Zilles, & Fink, [2002](#hbm24715-bib-0041){ref-type="ref"}; Regenbogen et al., [2017](#hbm24715-bib-0072){ref-type="ref"}; Sereno & Huang, [2014](#hbm24715-bib-0086){ref-type="ref"}).

MSI is most effective when physiologically weak cues are presented. In other words, unisensory, highly salient stimuli are easily detected and identified while physiologically weak sensory signals do not trigger a response and need to be amplified by another stimulus (Holmes, [2009](#hbm24715-bib-0047){ref-type="ref"}; Stein & Stanford, [2008](#hbm24715-bib-0090){ref-type="ref"}). According to this so‐called principle of inverse effectiveness, the combination of weak stimuli, which are not effective on their own, far exceeds the sum of their individual responses, thus producing the greatest enhancement in MSI through a superadditive combination (Nagy, Eördegh, Paróczy, Márkus, & Benedek, [2006](#hbm24715-bib-0064){ref-type="ref"}; Stein, Stanford, & Rowland, [2014](#hbm24715-bib-0091){ref-type="ref"}). In audio--visual integration studies, for instance, the presentation of degraded auditory stimuli has been found to enable MSI (Regenbogen et al., [2017](#hbm24715-bib-0072){ref-type="ref"}). In humans, nontrigeminal odors produce a relatively weak subjective experience compared to other senses such as hearing or seeing (Licon, Manesse, Dantec, Fournel, & Bensafi, [2018](#hbm24715-bib-0055){ref-type="ref"}; Moessnang et al., [2013](#hbm24715-bib-0061){ref-type="ref"}). However, in this context, it must be borne in mind that, to date, there have been only a handful of studies pertaining to olfactory--visual integration (e.g., Gottfried & Dolan, [2003](#hbm24715-bib-0039){ref-type="ref"}; Lundström, Regenbogen, Ohla, & Seubert, [2018](#hbm24715-bib-0057){ref-type="ref"}; Ripp et al., [2018](#hbm24715-bib-0075){ref-type="ref"}; Sijben, Hoffmann‐Hensel, Rodrigues‐Raecke, Haarmeier, & Freiherr, [2018](#hbm24715-bib-0089){ref-type="ref"}), with multisensory fMRI research in humans focusing predominantly on the integration of auditory and/or somatosensory cues and visual information (e.g., Chen et al., [2015](#hbm24715-bib-0023){ref-type="ref"}; Regenbogen et al., [2017](#hbm24715-bib-0072){ref-type="ref"}; Renier et al., [2009](#hbm24715-bib-0074){ref-type="ref"}). Moreover, none of the previous studies sought to investigate olfactory--visual MSI in comparison to audio--visual MSI; thus, it is yet to be determined which brain networks are generally involved in multisensory processing (amodal) and which are specific to the type of multimodal sensory stimulation (sensory specific).

Compared to other senses such as hearing or seeing, smelling has only recently been considered important due to its complex effects on behavior and mood (Moscavitch, Szyper‐Kravitz, & Shoenfeld, [2009](#hbm24715-bib-0062){ref-type="ref"}). A close link between olfactory processing and emotional processing can be explained by the fact that both processes share common anatomical structures in the so‐called limbic system (Habel et al., [2007](#hbm24715-bib-0043){ref-type="ref"}; Rolls, Grabenhorst, & Parris, [2010](#hbm24715-bib-0076){ref-type="ref"}; Royet, Plailly, Delon‐Martin, Kareken, & Segebarth, [2003](#hbm24715-bib-0077){ref-type="ref"}; Seubert, Freiherr, Djordjevic, & Lundström, [2013](#hbm24715-bib-0087){ref-type="ref"}; Zald & Pardo, [1997](#hbm24715-bib-0107){ref-type="ref"}). Apart from its relevance to MSI processes, olfactory dysfunctions can also help shed light on the underlying functional and structural integrity of the brain regions involved in neuropsychiatric diseases (Martzke, Kopala, & Good, [1997](#hbm24715-bib-0060){ref-type="ref"}), given that there is evidence of impairments in olfactory perception in conditions such as schizophrenia, autism spectrum disorder (ASD), Parkinson\'s disease, and Alzheimer\'s disease (e.g., Attems, Walker, & Jellinger, [2014](#hbm24715-bib-0005){ref-type="ref"}; Rozenkrantz et al., [2015](#hbm24715-bib-0078){ref-type="ref"}; Turetsky, Hahn, Borgmann‐Winter, & Moberg, [2009](#hbm24715-bib-0101){ref-type="ref"}).

ASD is a neurodevelopmental disorder with limited functions in social interaction along with stereotyped activities and repetitive behavior (American Psychiatric Association, [2013](#hbm24715-bib-0001){ref-type="ref"}). Past research on ASD has revolved around deficits in social interaction, language, communication, and recognition of affect. Lately, the focus has shifted toward more basic sensory abnormalities associated with autism, which have been incorporated as additional diagnostic criteria in the last updated version of the Diagnostic and Statistical Manual of Mental Disorders (DSM‐5; American Psychiatric Association, [2013](#hbm24715-bib-0001){ref-type="ref"}). In this context, individuals with ASD can show hypersensitivity or hyposensitivity to sensory input or unusual interest in sensory features of the environment, such as "apparent indifference to pain/temperature, adverse response to specific sounds or textures, excessive smelling or touching of objects, visual fascination with lights or movement" (American Psychiatric Association, [2013](#hbm24715-bib-0001){ref-type="ref"}).

Abnormalities in ASD are reported in all sensory domains (Thye, Bednarz, Herringshaw, Sartin, & Kana, [2018](#hbm24715-bib-0099){ref-type="ref"}) and are linked to a disturbed underlying neural processing (Kern et al., [2007](#hbm24715-bib-0051){ref-type="ref"}). For example, compared to typically developing children, children with ASD have a delay in the identification of speech syllables in lip‐reading tasks and are less likely to integrate the audio--visual information obtained by the McGurk effect (Taylor, Isaac, & Milne, [2010](#hbm24715-bib-0098){ref-type="ref"}). Another study has demonstrated that these integration deficits are amplified with increasing background noise (Foxe et al., [2015](#hbm24715-bib-0030){ref-type="ref"}). The underlying reasons seem to be an interregional communication disturbances (Beker, Foxe, & Molholm, [2018](#hbm24715-bib-0009){ref-type="ref"}). Children (7--16 years) with autism, for instance, show a weaker multisensory facilitation of behavior toward audio--visual stimuli and ineffective neural integration (Brandwein et al., [2013](#hbm24715-bib-0013){ref-type="ref"}). All of these observations on behavioral and neural levels support the theory of weak central coherence in ASD, which suggests that ASD renders individuals incapable of embedding disparate pieces of information into a comprehensive whole (Frith & Happé, [1994](#hbm24715-bib-0036){ref-type="ref"}). At the same time, however, patients\' aptitude to process the details of stimuli may be enhanced compared to their healthy counterparts (Foxton et al., [2003](#hbm24715-bib-0032){ref-type="ref"}). Thus, there is evidence in ASD (especially in children with ASD) of impaired processing of complex information as opposed to unaffected processing of simple information (Bertone, Mottron, Jelenic, & Faubert, [2003](#hbm24715-bib-0011){ref-type="ref"}; Bertone, Mottron, Jelenic, & Faubert, [2005](#hbm24715-bib-0012){ref-type="ref"}). This conclusion, however, is challenged by a recent meta‐analysis, which suggests, summarizing studies on a variety of audio--visual MSI tasks in ASD, that differences between patients and typically developing individuals increasingly balance out with age (Feldman et al., [2018](#hbm24715-bib-0029){ref-type="ref"}).

Despite increased attention to research on olfactory processing in ASD, studies in the subject are still scarce. The initial findings show that children with autism do not adjust their sniff magnitude regardless of the odor valence as typically developing children do (Rozenkrantz et al., [2015](#hbm24715-bib-0078){ref-type="ref"}). However, the findings with respect to olfactory processing in ASD are partly contradictory. While compared to controls, adults with ASD have an impaired ability to identify odors (Bennetto, Kuschner, & Hyman, [2007](#hbm24715-bib-0010){ref-type="ref"}; Suzuki, [2003](#hbm24715-bib-0097){ref-type="ref"}; Tonacci et al., [2015](#hbm24715-bib-0100){ref-type="ref"}; Wicker, Monfardini, & Royet, [2016](#hbm24715-bib-0104){ref-type="ref"}), a greater olfactory sensitivity has been found to correlate with a higher number of autistic traits (Ashwin et al., [2014](#hbm24715-bib-0003){ref-type="ref"}), supporting the notion of enhanced perceptual functioning in ASD and similar accounts (see Larsson, Tirado, & Wiens, [2017](#hbm24715-bib-0054){ref-type="ref"} for a meta‐analysis; Mottron, Dawson, Soulières, Hubert, & Burack, [2006](#hbm24715-bib-0063){ref-type="ref"}).

It thus remains unclear whether difficulties in MSI can be observed in ASD adults, especially in those with Asperger\'s. In addition, while behavior‐oriented audio--visual integration processes in ASD have been investigated, there is yet to be any in‐depth study of the integration processes based on olfactory and visual system stimulation in ASD. To the best of our knowledge, there is no fMRI study of either mechanism in ASD. The condition is associated with an impaired ability to integrate multisensory information, but it remains unknown whether peripheral or central nervous processing of multimodal stimuli is affected.

The aim of our study, therefore, was to compare the neuronal processes during audio--visual and olfactory--visual integration. Neural activation patterns were examined using two independent experiments, one with an audio--visual stimulus combination and the other with an olfactory--visual stimulus combination. On the basis of the available literature, we assumed that both integration paradigms would activate a common network linked to MSI, involving the IPS as a central cross‐modal "hub" of MSI (Grefkes et al., [2002](#hbm24715-bib-0041){ref-type="ref"}; Regenbogen et al., [2017](#hbm24715-bib-0072){ref-type="ref"}; Sereno & Huang, [2014](#hbm24715-bib-0086){ref-type="ref"}). Based on previous findings (e.g., Regenbogen et al., [2017](#hbm24715-bib-0072){ref-type="ref"}), we hypothesized the involvement of the IPS in a top‐down modulation in both cross‐modal settings studied by means of dynamic causal modeling (DCM; Stephan et al., [2010](#hbm24715-bib-0093){ref-type="ref"}). In addition to an underlying common network, we expected sensory‐specific differences with respect to the processing of different sensory modalities. More specifically, we sought to explore whether high‐order MSI is impaired in adult subjects with ASD as had been observed previously at the behavioral level in children with ASD (Stevenson et al., [2014](#hbm24715-bib-0096){ref-type="ref"}), and if the impairment depends on the sensory nature of multimodal processing. Thus, we hypothesized an overlap of the networks involved in sensory‐specific multimodal integration in adults with ASD and healthy controls (HCs), postulating also that adults with ASD would exhibit a lower degree of integration likely on account of reduced neural processing of amodal stimulation.

2. METHODS {#hbm24715-sec-0002}
==========

2.1. Participants {#hbm24715-sec-0003}
-----------------

Written informed consent was obtained from all participants and the study, approved by the local ethics committee, conformed to the ethical standards of the Helsinki declaration.

Participants in the ASD group were outpatients with Asperger\'s syndrome diagnosed at the Medical Faculty RWTH Aachen and characterized by information from the German version of the Autism Diagnostic Observation Schedule (ADOS) (Rühl, Bölte, Feineis‐Matthews, & Poustka, [2004](#hbm24715-bib-0079){ref-type="ref"}). Age‐ and gender‐matched control subjects (HC) were healthy adults without psychiatric disorders, identified by the short version of the German Structured Clinical Interview for DSM 4 Disorders (Wittchen, Zaudig, & Frydrich, [1997](#hbm24715-bib-0105){ref-type="ref"}). To control for normosmia, the MONEX‐40 olfactory identification test was performed with each participant having to identify 40 common odors among four descriptors each (Freiherr et al., [2012](#hbm24715-bib-0033){ref-type="ref"}).

To avoid confounding psychological effects on olfactory perception and sensitivity (Atanasova et al., [2008](#hbm24715-bib-0004){ref-type="ref"}; Burón, Bulbena, & Bulbena‐Cabré, [2015](#hbm24715-bib-0016){ref-type="ref"}; Croy et al., [2014](#hbm24715-bib-0026){ref-type="ref"}; Naudin & Atanasova, [2014](#hbm24715-bib-0066){ref-type="ref"}; Yuan & Slotnick, [2014](#hbm24715-bib-0106){ref-type="ref"}) and to assess clinical impairment in healthy participants, the following questionnaires were used: the German version of the Beck Depression Inventory II (BDI) (Hautzinger, Keller, & Kühner, [2006](#hbm24715-bib-0045){ref-type="ref"}), autism questionnaire (Baron‐Cohen, Wheelwright, Skinner, Martin, & Clubley, [2001](#hbm24715-bib-0006){ref-type="ref"}), and a German questionnaire for personality style and disorders (Persönlichkeits‐Stil und Störungs‐Inventar; Kuhl & Kazén, [2009](#hbm24715-bib-0052){ref-type="ref"}). Additional tests were conducted in order to compare the two groups: verbal intelligence quotient (IQ) using the German Wortschatztest (Schmidt & Metzler, [1992](#hbm24715-bib-0081){ref-type="ref"}), executive functions via the Trail Making Test (Reitan, [1992](#hbm24715-bib-0073){ref-type="ref"}), word fluency using the German Regensburger Wortflüssigkeitstest (Aschenbrenner, Tucha, & Lange, [2000](#hbm24715-bib-0002){ref-type="ref"}), Emotion Recognition 40 (Gur et al., [2002](#hbm24715-bib-0042){ref-type="ref"}; Hoheisel & Kryspin‐Exner, [2005](#hbm24715-bib-0046){ref-type="ref"}), and the German version of the Wechsler Memory Scale (Härtling et al., [2000](#hbm24715-bib-0044){ref-type="ref"}). None of the participants reported nasal congestion or diseases of the respiratory system.

In total, 24 patients with ASD and 20 with HC were examined. Data from four patients with ASD and two HC had to be discarded due to movement artifacts in the MRI. Additionally, two patients did not complete the functional magnetic resonance imaging (fMRI) measurement. Imaging data of 18 patients with ASD (seven females, mean age in years: 30.72 \[*SD* = 8.89\]; ADOS range: 5--13 \[median = 9\]) and 17 healthy participants (six female, mean age in years: 28.84 \[*SD* = 9.88\]) were used for further analyses. The groups did not differ significantly with respect to age (*t*(33)= −0.837, *p* = .409). Although the ASD group has a significantly higher depressive symptomology (see Table [1](#hbm24715-tbl-0001){ref-type="table"}) and deficits in olfactory functions can be seen as a marker for depression (Croy et al., [2014](#hbm24715-bib-0026){ref-type="ref"}), we found no significant correlation between the olfactory identification test and BDI symptoms (*r* = −.225, *p* = .201). Additionally, the groups did not differ with regard to normosmia either when depressive symptoms were controlled for (*F*(1,31)= 0.319, *p* = .576, η^2^ = .01) or when they were not (*t*(33) = 1.21, *p* = .253). Therefore, in the ASD group, depressive symptoms can be deemed to have no effect on olfactory performance.

###### 

Psychometric results of patients with ASD and HCs

                                           ASD mean (*SD*)   HC mean (*SD*)   *t* Test   *p*
  ---------------------------------------- ----------------- ---------------- ---------- ------
  Beck\'s depression inventory (total)     14.71 (8.72)      4.42 (4.79)      −4.45      .001
  AQ (raw value)                           36.23 (10.65)     11.21 (5.37)     −9.05      .001
  Emotion recognition (total identified)   28.41 (4.32)      32.88 (1.96)     3.89       .001
  Verbal IQ                                103.50 (12.29)    111.76 (9.53)    2.17       .038
  Word fluency (raw value)                 55.46 (11.31)     55.36 (9.02)     −0.28      .978
  Executive functions (total seconds)      76.17 (20.61)     89.56 (1.82)     2.67       .012
  Wechsler memory scale (raw value)        24.88 (6.33)      29.67 (9.28)     1.60       .120

Abbreviations: AQ, autism questionnaire; ASD, autism spectrum disorder; HC, healthy control.

During the (semi‐)structured ADOS interview, participants with ASD are asked about hypersensitivity or hyposensitivity to sensory input and are routinely observed with respect to unusual sensory interests or habits. A total of seven participants reported sensory differences. Four of them reported that they had a strong aversion to the sensation of touch, including that of clothing on the skin. One participant reported to be sensitive to light and noise, while three were observed to repeatedly or constantly touch and stroke smooth objects (i.e., tables). None of the participants reported anomalies with respect to olfactory impressions.

Details of the psychological assessments and performance tests in both groups are listed in Table [1](#hbm24715-tbl-0001){ref-type="table"}.

2.2. Olfactory stimulation {#hbm24715-sec-0004}
--------------------------

Olfactory stimuli were delivered birhinally using a computer‐controlled, air dilution olfactometer (Lundström, Gordon, Alden, & Boesveldt, [2011](#hbm24715-bib-0056){ref-type="ref"}). The air supply was conducted by means of an external, high‐pressure air cylinder. Two pleasant odors, "rose" (2‐phenylethanol, Burghart Messtechnik, Wedel, Germany) and "peach," (peach D40 Reco AB8409; Givaudan UK Ltd., Ashford, UK), and two unpleasant odors, "manure" (3‐methylindole 98% M51458; Sigma‐Aldrich) and "dirty socks" (isovaleric acid 129542; Sigma‐Aldrich Chemie GmbH, Munich, Germany), were presented. As baseline stimulus, the odorless propylene glycol (Hersteller) was turned on whenever no odor was presented. The odors were delivered for 2,200 ms with a continuous airflow of 3.0 L/min through 8‐m long individual Teflon tubes, which were integrated in a special distributor built in the scientific workshop (Medical Faculty RTWH Aachen University). The distributer, terminating in two reusable, autoclavable Teflon nosepieces, was fixed with a nonadhesive, hypoallergenic tape above the upper lip. For olfactory stimulation, the nosepieces were inserted into the subject\'s nose.

The visual stimuli consisted of two pleasant und two unpleasant colored photograph categories of odor‐matching objects. To prevent sensory habituation and to increase object saliency, two images of each visual category were used (Figure [1](#hbm24715-fig-0001){ref-type="fig"}a).

![(a) Experimental procedure of the functional tasks. A black fixation cross turned green to indicate upcoming stimuli. Unimodal or bimodal combinations were presented for 1,500 ms. Participants had to rate the pleasantness of the odor or the object, or the sound and the object, respectively. (b) Experimental conditions for olfactory--visual stimulation in a 3 × 3 factorial design. Conditions for auditory--visual stimulation were combined in the same manner \[Color figure can be viewed at <http://wileyonlinelibrary.com>\]](HBM-40-4470-g001){#hbm24715-fig-0001}

2.3. Auditory stimulation {#hbm24715-sec-0005}
-------------------------

The auditory stimuli were presented via MRI‐compatible headphones. Pleasant and unpleasant sounds were recorded and tested in an independent pilot group to evaluate the pleasantness of the sounds. Two pleasant sounds (working coffee machine and fireplace) and two unpleasant sounds (toilet flush and vomiting sound) were combined with relevant images. Vomiting was coupled with rotten fruits, which had the highest ranking in the pilot group with respect to cohesiveness.

2.4. Experimental paradigms {#hbm24715-sec-0006}
---------------------------

In the olfactory--visual paradigm, two pleasant (rose, peach) and two unpleasant (manure, dirty socks) stimuli were presented in unimodal fashion (only odor, only visual) or were paralleled with either congruent or incongruent images or odors. A baseline condition was implemented in which the participants were not stimulated with odor or image. In total, nine conditions were presented (Figure [1](#hbm24715-fig-0001){ref-type="fig"}b): a blank condition without odor and picture; four unimodal conditions with only odor or only visual stimuli, and both pleasant or unpleasant; two bimodal conditions with congruent stimulus combinations (either pleasant or unpleasant),for example, odor of a rose and image of a rose; and two bimodal conditions with incongruent stimuli, for example, odor of dirty socks and image of a rose and vice versa.

The auditory paradigm was conducted in the same manner as the olfactory paradigm.

The presentation of the stimuli during both fMRI tasks and the recording of the subjects\' feedback and scanner triggers were achieved using the software E‐Prime 2.0 (Schneider, Engel, & Debener, [2008](#hbm24715-bib-0082){ref-type="ref"}). The presentation was projected onto an MRI‐compatible screen, visible via a mirror mounted to the head coil. In addition to oral instructions prior to the measurement, all participants read the instructions on the screen in the MRI scanner.

Figure [1](#hbm24715-fig-0001){ref-type="fig"}a illustrates the experimental procedure. The order of conditions was pseudorandomized with each condition being repeated eight times, resulting in a total of 88 trials. Each trial started with a black crosshair for 1,760--6,160 ms (mean 3,960 ms, *SD* 2200 ms), during which time the subjects had to fixate the crosshair. A color switch to green (range of 1,400--1800 ms, mean duration = 1,600 ms, *SD* = 200 ms) indicated preparation for stimulus arrival. To provide simultaneous odor and visual stimulation and to control for the delay of the odor stimulation, the image was presented 700 ms after the odor. For the auditory paradigm, sound and images were turned on simultaneously. Each image was presented for 1.5 s, followed by a second black fixation crosshair of 2 s duration. At the end of each trial, the participants rated the pleasantness of either the odor/the sound or the image on a 10‐point Likert scale, using the LUMItouch response system (LUMItouch; Photon Control, Burnaby, Canada), a button press device held in the right hand. The index and ring fingers were used to scroll from 1 = unpleasant to 10 = pleasant and the middle finger to confirm the entry. The visual stimuli were presented with either a yellow (no simultaneous odor) or a blue fixation cross (simultaneous odor), which the participants had learned to decode prior to the measurement. The use of these color‐coded fixation crosses as an indicator of the presence of an odor prevents random activity within the olfactory cortex which may be caused by attention modulation (Zelano et al., [2005](#hbm24715-bib-0108){ref-type="ref"}).

2.5. Acquisition of fMRI data {#hbm24715-sec-0007}
-----------------------------

Neuroimaging data were acquired using a 3T Prisma MR scanner (Siemens Medical Systems, Erlangen, Germany) located in the Medical Faculty of RWTH Aachen University. Functional images were collected with an echo‐planar imaging (EPI) T2\* weighted contrast sequence sensitive to blood‐oxygen‐level‐dependent (BOLD) contrast (voxel size: 3 × 3 × 3 mm^3^, 64 × 64 matrix, field of view: 192 × 192 mm^2^, 34 slices, whole‐brain acquisition, interleaved, no spacing between slices, repitition time (TR) = 2 s, echo time (TE) = 28 ms, alpha = 77°). The EPI sequences were 18 min long on average with approximately 540 scans.

High‐resolution T1‐weighted structural images were acquired by means of a three‐dimensional magnetization‐prepared rapid acquisition with gradient echo (MPRAGE) sequence (voxel size: 1 × 1 × 1 mm^3^, sagittal FoV: 256 × 256 mm^2^, 160 slices, TR = 1.9 s, TE = 2,520 ms, alpha = 9°). The duration of the MPRAGE sequence was 4:35 min.

2.6. Analysis of behavioral data {#hbm24715-sec-0008}
--------------------------------

Pleasantness ratings of odors, sounds, and photographs were collected during the fMRI experiment. For each condition (unimodal and bimodal), the mean pleasantness rating was calculated and used as a dependent variable.

The behavioral data were analyzed using SPSS 23 (IBM Statistics). For a three‐way group × pleasantness × congruency repeated‐measures analysis of variance, items were assigned to each level of the two within‐subject factors task (pleasant or unpleasant) and congruency (congruent or incongruent) and the between‐subjects factor group (ASD and HC).

2.7. fMRI data analysis {#hbm24715-sec-0009}
-----------------------

Images were analyzed using the Statistical Parametric Mapping 12 (SPM12) software implemented in MATLAB 2015b (MathWorks, Inc., Natick, MA). Due to T1 stabilization effects, the first four images of each time series were discarded. Preprocessing of the fMRI data included the adjustment of the origin of all images to the anterior commissure before slice timing to provide better normalization to Montreal Neurological Institute (MNI) space. Slice timing temporally corrected the acquisition to the middle image slice (Slice 18) with the TR of an interleaved ascending (bottom‐middle) acquisition order. During realignment, functional scans were spatially corrected for individual head movements and were subsequently coregistered to the anatomical scan. The anatomical image was segmented in gray matter, white matter, and cerebrospinal fluid with the help of tissue probability maps, and the estimates of spatial normalization parameters in the MNI standard space were calculated (voxel size = 3 × 3 × 3 mm^3^). These parameters were applied to the functional images and used in the normalization step, following which the normalized EPI data were spatially smoothed with an isotropic Gaussian kernel (full‐width at half‐maximum  =  8 mm). All coordinates are in reference to the MNI convention (<http://www.mni.mcgill.ca>).

For each subject, delta functions with the time points of each type of trial presentation were convolved with the canonical hemodynamic response function (HRF) to build a regression model of the time series. Realignment parameters of each participant were included as nuisance variables. Additional HRF‐convolved regressors of no interest were the onsets of the rating scales. A high‐pass filter with a cutoff period of 128 s was applied and serial autocorrelations were accounted for by including a first‐order autoregressive covariance structure (AR(1)).

An SPM12 random‐effects analysis was performed by entering all conditions into a full factorial design. The statistical thresholds of the general linear models (GLM), unless otherwise mentioned, was set at *p* \< .05 corrected for multiple comparisons at the voxel level using Gaussian random field theory as implemented in SPM (familywise error correction \[FWE\]). For the analysis of the odor--visual as well as audio--visual integration, we used the "superadditivity" index by Stevenson et al. ([2014](#hbm24715-bib-0095){ref-type="ref"}): (AV \> A + V) or (OV \> O + V).

2.8. Dynamic causal modeling {#hbm24715-sec-0010}
----------------------------

DCM is a mathematical framework used to estimate effective connectivity that one neural system exerts over another and how this coupling is influenced by changes in the experimental context (Friston, [2005](#hbm24715-bib-0034){ref-type="ref"}; Friston, Harrison, & Penny, [2003](#hbm24715-bib-0035){ref-type="ref"}). Here, we used DCM (DCM12) to assess the cortical information exchange underlying multisensory (olfactory--visual as well as auditory--visual) stimulation.

Focusing on the regions identified in unimodal and bimodal stimulation, our analysis revealed how activity in the IPS gates the reciprocal connections between the primary sensory regions. During unimodal stimulation, relevant regions of interest (ROIs) were selected based on activation peaks in visual, olfactory as well as auditory stimulation (MNI coordinates: visual: cuneus = 18/−100/14, auditory: superior temporal gyrus (STG) = 60/−16/8, olfactory: amygdala = 24/−1/−16). To investigate the effective connectivity of the IPS with the visual and auditory (AV) and visual and olfactory (OV) cortices during MSI, relevant activation peaks of the respective contrasts of paradigms were selected (IPS~AV~ = −27/−55/47, IPS~OV~ = −27/−52/50). Individual subject‐level peaks were identified within a 9 mm search volume around the group level peaks for each of the contrasts. Next, we extracted the average eigenvariate time series from a 6 mm sphere around the individual peaks, adjusted by the effect of interests across the relevant session.

Five different deterministic models (Figure [2](#hbm24715-fig-0002){ref-type="fig"}), including linear as well as nonlinear effects, were created (one state per region). The same full endogenous connectivity pattern including self‐connections (A‐matrix) was assumed for all five models, with bilateral fixed connections between all three regions during both sessions. Driving inputs (audio--visual events, olfactory--visual events) were set to modulate neuronal activity in the visual, auditory, and olfactory cortices, respectively, with the bimodal stimulation being modeled as a direct or modulatory input. The structures of the models in both model spaces were the same with respect to the driving and modulatory effects as well as the connectivity structure of the nodes. The only difference between the model spaces yet in analogy to each other was one of the three nodes representing a sensory brain region of the respective stimulated sensory modality in each task: for the audio--visual task, this region was the STG whereas the amygdala was selected for the olfactory--visual task.

![DCM model space for the olfactory--visual integration. The model space for auditory--visual integration was identical, with the amygdala being replaced by the SG. Endogenous, modulatory, and direct effects as well as nonlinear modulatory effect (A‐, B‐, C‐, and D‐matrix, respectively) are shown. Self‐connections are not depicted in the model space. Amy, amygdala; bi = bimodal stimulation; C, cuneus; DCM, dynamic causal modeling; IPS, inferior parietal sulcus; STG, superior temporal gyrus](HBM-40-4470-g002){#hbm24715-fig-0002}

Models were specified as follows: the influence of bimodal stimulation was included as either driving input (C‐matrix) on the IPS (Models 1 and 4) or as a modulatory input (B‐matrix) on the reciprocal connections between (a) amygdala ↔ IPS and cuneus ↔ IPS, for the olfactory--visual session, and between STG ↔ IPS and cuneus ↔ IPS, for the auditory--visual session (Models 2 and 3), or (b) amygdala ↔ cuneus for the olfactory--visual session, and STG ↔ cuneus for the auditory--visual session (Model 5). The nonlinear modulatory effects (D‐matrix) were modeled as top‐down influence from the IPS on the connection between amygdala ↔ cuneus, for the olfactory--visual session, or STG ↔ cuneus, for the auditory--visual session (Models 4 and 5).

Random‐effects Bayesian model selection (BMS), which accounts for between‐subjects heterogeneity, was used to identify the structure of the model(s) with the highest evidence based on the data for each session and for each group. This random effects approach has been regarded as the method of choice for clinical studies (Stephan, Penny, Daunizeau, Moran, & Friston, [2009](#hbm24715-bib-0092){ref-type="ref"}). Results are reported in terms of expected posteriors and exceedance probabilities, with the latter indicating the likelihood of one specific model compared to any other in the comparison set (Stephan et al., [2009](#hbm24715-bib-0092){ref-type="ref"}).

3. RESULTS {#hbm24715-sec-0011}
==========

3.1. Behavioral data {#hbm24715-sec-0012}
--------------------

No effects of group or group interaction with either the pleasantness conditions or the congruency conditions were found in either the olfactory--visual or the auditory--visual paradigm. A detailed description of the behavioral results is provided in the Supporting Information.

3.2. fMRI data {#hbm24715-sec-0013}
--------------

### 3.2.1. Effect of unimodal stimulation {#hbm24715-sec-0014}

As no significant group effect was observed in either session, the following analyses were collapsed across the groups.

In response to visual stimulation (Figure [3](#hbm24715-fig-0003){ref-type="fig"}a), significant hemodynamic activation was found in a widespread cluster (13,962 voxels) with a peak level activation in the left middle occipital gyrus (MNI: −15/−97/5, *T* = 26.16). The cluster also extended to the right cuneus, the bilateral calcarine and the bilateral fusiform gyri, the superior parietal gyrus, and the medial frontal gyrus (MFG). Increased activation was also found in the bilateral inferior frontal gyrus (IFG; left: peak MNI: −42/47/−10, *T* = 3.36, 15 voxel; right: peak MNI: 42/11/29, *T* = 4.85, 475 voxels), the right insula (peak MNI: 33/−23/−1, *T* = 25.96, 86 voxels), and the right thalamus (peak MNI: 12/−1/2, *T* = 3.20, five voxels).

![(a). Visual stimulation. Activation is depicted at *p* \< .05 FWE corrected at the voxel level. (b) Olfactory stimulation. Brain activation is presented at an uncorrected threshold of *p* \< .001 for visualization purposes. (c) Auditory stimulation. Activation is depicted at *p* \< .05 FWE corrected at the voxel level. FWE, familywise error \[Color figure can be viewed at <http://wileyonlinelibrary.com>\]](HBM-40-4470-g003){#hbm24715-fig-0003}

In response to olfactory stimulation (Figure [3](#hbm24715-fig-0003){ref-type="fig"}b), an increased BOLD response was observed in the bilateral amygdala (right: peak MNI: 24/−1/−16, *T* = 6.61, 26 voxels; left: peak MNI: −21/−4/−13, *T* = 5.26, five voxels), with the cluster located in the right amygdala extending to the right hippocampus.

In response to auditory stimulation (Figure [3](#hbm24715-fig-0003){ref-type="fig"}c), there was increased activation in the bilateral STG (right: peak MNI: 60/−16/8, *T* = 19.38, 984 voxels; left: peak MNI: −51/−22/8, *T* = 18.06, 904 voxels) including the bilateral Heschl\'s gyrus. The left IFG (p. triangularis; peak MNI: −45/17/26, *T* = 5.21, 79 voxels) and the left MFG (peak MNI: −6/17/44, *T* = 5.39, 42 voxels) were also triggered by auditory stimulation.

### 3.2.2. Effect of bimodal stimulation {#hbm24715-sec-0015}

No significant group effects, or group × session interaction effect or group × congruency interaction effect, were seen in either session. The following analyses were therefore collapsed across the groups. Additionally, no significant suprathreshold activations were found when comparing congruent \> incongruent trials or vice versa. For a complete presentation of the results, the following section first shows contrasts collapsed across congruent and incongruent conditions within each session. The individual analyses (both congruent and incongruent trials) can be seen in the Supporting Information (Table [S1](#hbm24715-supitem-0001){ref-type="supplementary-material"}).

The olfactory--visual stimulation (OV \> O + V) led, on the one hand, to a stronger involvement of areas associated with visual processing (the cuneus, and the bilateral calcarine, and fusiform gyri) and, on the other hand, to regions associated with olfactory stimulation (in particular, the right amygdala/hippocampus region) (Figure [4](#hbm24715-fig-0004){ref-type="fig"}a, Table [2](#hbm24715-tbl-0002){ref-type="table"}). Stronger activation was observed also in the precentral gyrus, the bilateral IFG/MFG, the bilateral supplementary motor area (extending to midcingulate cortex) and the bilateral anterior insula.

![Increased neural activation of multisensory integration. (a) Activation clusters during olfactory--visual integration. (b) Activation clusters during auditory--visual integration. Activation is depicted at *p* \< .05 familywise error (FWE) corrected at the voxel level \[Color figure can be viewed at <http://wileyonlinelibrary.com>\]](HBM-40-4470-g004){#hbm24715-fig-0004}

###### 

MNI coordinates of significant clusters of olfactory--visual and auditory--visual stimulation across both groups and across incongruent and congruent trials

  Anatomical region                             Side   k       Peak voxel                
  --------------------------------------------- ------ ------- ------------ ----- ------ -----
  Olfactory--visual integration (OV \> O + V)                                            
  Fusiform gyrus                                R      3,807   16.72        27    −79    −7
  Calcarine gyrus                               R              16.63        18    −94    5
  Cuneus                                        R              16.14        21    −97    11
  Calcarine gyrus                               L              15.35        −12   −94    −1
  Fusiform gyrus                                R              14.48        33    −58    −10
  Fusiform gyrus                                L              13.04        −33   −52    −13
  Fusiform gyrus                                L              12.68        −30   −58    −10
  Superior parietal lobule (extending to IPS)   L              7.35         −27   −52    50
  Precentral gyrus                              L      629     9.33         −30   −7     50
  IFG (p. opercularis)                                         7.32         −39   5      29
  Middle frontal gyrus                                         5.23         −48   26     32
  Posterior medial frontal cortex               L      609     10.59        −6    8      50
  Midcingulate cortex                           R              9.84         9     11     44
  IFG (p. opercularis)                          R      171     7.35         42    8      26
  Insula lobe                                   L      165     9.36         −30   23     2
  IFG (p. opercularis)                                         4.90         −24   29     −13
  Middle frontal gyrus                          R      158     6.71         30    −4     53
  Insula                                        R      132     8.20         30    23     2
  Caudate (extending to putamen)                R      51      6.47         12    8      2
  Putamen (extending to caudate)                L      38      6.15         −12   8      2
  Amygdala                                      R      28      6.13         24    −1     −16
  Hippocampus                                                  6.07         21    −4     −13
  Thalamus                                      R      6       4.89         9     −16    8
  Amygdala                                      L      6       5.11         −27   −7     −13
  IFG (p. orbitalis)                            R      4       5.15         24    29     −13
  Auditory--visual integration (AV \> A + V)                                             
  Cuneus                                        R      4,498   12.15        18    −100   14
  Middle occipital gyrus                        R              11.26        30    −91    14
  Calcarine gyrus                               L              11.24        −12   −94    −1
  Middle occipital gyrus                        L              11.15        −18   −97    8
  Lingual gyrus                                 L              10.65        −24   −79    −13
  Fusiform gyrus                                R              10.31        27    −79    −7
  Fusiform gyrus                                L              9.87         −33   −49    −16
  Fusiform gyrus                                R              9.50         30    −49    −16
  Postcentral gyrus                             L              8.68         −36   −22    53
  Inferior parietal gyrus (extending to IPS)    L              8.06         −27   −55    47
  Superior parietal gyrus (extending to IPS)    L              8.04         −27   −61    50
  STG                                           R      628     11.15        63    −16    8
  Temporal pole                                                7.08         60    5      −7
  STG                                           L      571     9.62         −51   −25    8
  Posterior medial frontal cortex               L      436     9.81         −3    11     50
  Posterior medial frontal cortex               L              9.75         −6    14     47
  Posterior medial frontal cortex               R              9.09         6     14     47
  Insula lobe                                   L      119     7.98         −30   23     2
  IFG (pars opercularis)                        R      100     6.29         42    8      29
  Precentral gyrus                              R      97      6.07         30    −7     50
  Middle frontal gyrus                                         5.86         39    −1     62
  Insula lobe                                   R      74      6.17         33    23     −1
  Calcarine gyrus                               R      40      5.32         18    −64    8
  Thalamus                                      L      11      5.04         −9    −19    8
  Postcentral gyrus                             R      8       4.84         48    −31    47
  IFG (pars triangularis)                       R      6       4.76         51    32     20
  Thalamus                                      R      5       4.89         21    −28    −1

*Note*. Local maxima of activated clusters shown at *p* \< .05 FWE corrected at the voxel level.

Abbreviations: FWE, familywise error; IFG, inferior frontal gyrus; IPS, inferior parietal sulcus; MNI, Montreal Neurological Institute; STG, superior temporal gyrus.

The auditory--visual stimulation (AV \> A + V) was linked to increased neural activation in the visual areas as well as the areas associated with auditory processing (the bilateral superior temporal gyri). Other clusters with significant stimulation were found in the precentral gyrus, the bilateral IFG/MFG, the bilateral anterior insula, the bilateral thalamus, and the supplementary motor area (Figure [4](#hbm24715-fig-0004){ref-type="fig"}b, Table [2](#hbm24715-tbl-0002){ref-type="table"}).

### 3.2.3. Amodal MSI {#hbm24715-sec-0016}

To isolate the brain activity linked to general amodal MSI, we performed a conjunction analysis across both sessions. The analysis revealed activation in areas associated with visual processing (the cuneus, the middle/inferior occipital gyrus, the calcarine gyrus, the fusiform gyrus, and the precuneus) and in the parietal areas linked to MSI (the superior parietal gyrus and the IPS). Other clusters were found in the middle frontal/precentral gyrus, the supplementary motor area (extending to the midcingulate cortex), the bilateral insula, and the bilateral IFG (p. opercularis) (Table [3](#hbm24715-tbl-0003){ref-type="table"}, Figure [5](#hbm24715-fig-0005){ref-type="fig"}).

###### 

MNI coordinates of peak voxel within significant clusters of the conjunction analyses (AV \> A + V ∩ OV \> O + V across both groups

  Anatomical region                             Side   K       Peak voxel                
  --------------------------------------------- ------ ------- ------------ ----- ------ -----
  Cuneus                                        R      3,034   12.15        18    −100   14
  Middle occipital gyrus                        R              11.26        30    −91    14
  Calcarine gyrus                               L              11.24        −12   −94    −1
  Middle occipital gyrus                        L              11.15        −18   −97    8
  Lingual gyrus                                 L              10.65        −24   −79    −13
  Fusiform gyrus                                R              10.31        27    −79    −7
  Fusiform gyrus                                L              9.87         −33   −49    −16
  Fusiform gyrus                                R              9.50         30    −49    −16
  Inferior parietal lobule (extending to IPS)   L              7.31         −27   −52    47
  Superior parietal lobule                      L              6.13         −15   −67    50
  Middle occipital gyrus                        L              5.50         −27   −73    29
  Middle frontal gyrus                          L      505     8.00         −30   −4     53
  Precentral gyrus                                             7.20         −39   2      32
  Posterior medial frontal cortex               L      378     9.81         −3    11     50
  Posterior medial frontal cortex               L              9.75         −6    14     47
  Posterior medial frontal cortex               R              9.09         6     14     47
  Insula                                        L      88      7.98         −30   23     2
  Precentral gyrus                              R      66      6.07         30    −7     50
  IFG (p. opercularis)                          R      64      6.29         42    8      29
  Insula                                        R      59      6.17         33    32     −1

*Note*. Local maxima of activated clusters shown at *p* \< .05 FWE corrected at the voxel level.

Abbreviations: FWE, familywise error; IFG, inferior frontal gyrus; MNI, Montreal Neurological Institute.

![Areas recruited during multisensory integration. Results are based on a conjunction including both paradigms (AV \> A + V ∩ OV \> O + V). Activation is depicted at *p* \< .05 familywise error (FWE) corrected at the voxel level \[Color figure can be viewed at <http://wileyonlinelibrary.com>\]](HBM-40-4470-g005){#hbm24715-fig-0005}

### 3.2.4. Sensory‐specific MSI {#hbm24715-sec-0017}

Comparing olfactory--visual versus auditory--visual stimulation (OV -- O -- V \> AV -- A -- V), we found greater activation in a cluster encompassing the right fusiform gyrus and the right lingual gyrus (peak MNI: 30/−67/−7, *T* = 5.54, 86 voxels) and the right amygdala (peak MNI: 24/−4/−13, *T* = 4.65, three voxels).

The reverse contrast (auditory--visual \> olfactory--visual; AV -- A -- V \> OV -- O -- V) revealed greater neural activation in the bilateral STG (left: peak MNI: −54/−22/8, *T* = 8.64, 408 voxels; right: peak MNI: 63/−16/8, *T* = 9.45, 389 voxels).

No significant group differences were seen in either contrast.

### 3.2.5. Dynamic causal modeling {#hbm24715-sec-0018}

Following the inversion of five alternative DCMs per subject and per experiment, random effects BMS showed that, in both groups and during both olfactory--visual and auditory--visual integration, Models 4 and 5 clearly outperformed all other models (see Figure [6](#hbm24715-fig-0006){ref-type="fig"} and Table [4](#hbm24715-tbl-0004){ref-type="table"}). This indicates that the nonlinear models in the model space were definitely more supported by the data than the linear ones, which was corroborated by a random‐effects inference on the family level (see [Figure S2](#hbm24715-supitem-0001){ref-type="supplementary-material"}, Supporting Information). Moreover, Model 4 was always the winning model with expected posteriors of more than 40% for both conditions and both groups. Model 5 always had an expected posterior of more than 20% (see Table [4](#hbm24715-tbl-0004){ref-type="table"}), indicating an additional modulatory effect of the multisensory input on the connection between the cuneus and the respective modality‐specific region. Expected posteriors of all other models were lower than 10%, mostly not even exceeding 5 (see Table [4](#hbm24715-tbl-0004){ref-type="table"}). Model 4 was composed of a driving input of bimodal stimulation (Bi) directly on IPS, and (nonlinear) modulations from IPS on the reciprocal connections between the cuneus ↔ amygdala (olfactory--visual stimulation) and the cuneus ↔ STG (auditory--visual stimulation). Model 5 also included the top‐down effect of the IPS on the connection between the cuneus and the respective modality‐specific region (amygdala or STG), but, compared to Model 4, a direct input of bimodal stimulation to the IPS was omitted and instead a modulatory effect of bimodal stimulation on the above‐mentioned reciprocal connection was included. More detailed information about subject‐specific model preferences is provided in the Supporting Information (see [Table S2](#hbm24715-supitem-0001){ref-type="supplementary-material"}), including the free energy of all models and the models in Occam\'s window for all subjects.

![Model exceedance probabilities for Models 4 and 5, during auditory--visual integration in (a) patients with ASD, and (b) HCs, and during olfactory visual integration in (d) patients with ASD and (e) HCs. (c) Effective connectivity pattern for auditory--visual stimulation. (f) Effective connectivity pattern for olfactory--visual stimulation. Amy, amygdala; ASD, autism spectrum disorder; bi, bimodal stimulation; C, cuneus; HC, healthy control; IPS, inferior parietal sulcus; STG, superior temporal gyrus \[Color figure can be viewed at <http://wileyonlinelibrary.com>\]](HBM-40-4470-g006){#hbm24715-fig-0006}

###### 

Expected probability of each model across both experiments and both groups

                                  Expected probability                        
  ------------------------------- ---------------------- ------ ------ ------ ------
  Olfactory--visual integration                                               
  ASD                             .046                   .05    .048   .613   .242
  HCs                             .072                   .048   .048   .493   .34
  Auditory--visual integration                                                
  ASD                             .044                   .044   .044   .461   .407
  HCs                             .045                   .046   .046   .594   .269

Abbreviations: ASD, autism spectrum disorder; HC, healthy control.

Because random‐effects analyses on the coupling parameters of a DCM rest on the assumption that one single model generated the parameters, we decided to perform‐dependent *t* tests twice, namely, on the parameters of the winning Model 4 and on those of Model 5. The rationale for this approach was the following: if the tests on the parameters of these two models yielded concordant results, they would reflect some noteworthy information about the "true" coupling of the regions, since the sum of the expected posteriors of these two models easily exceeded 80%. Based on this, during the auditory--visual stimulation, significantly higher coupling parameters were seen from the cuneus \> STG (*M* = 0.17, *SD* = .24) compared to the opposite direction (STG \> cuneus, *M* = −0.02 (*SD* = .22); *t*(34) = 3.11, *p* = .004). Likewise, for Model 5, we observed substantially higher coupling parameters from the cuneus \> STG (*M* = 0.25, *SD* = .28) compared to the opposite direction (STG \> cuneus, *M* = 0.008 (*SD* = .24); *t*(34) = 3.11, *p* = .002). During the olfactory--visual stimulation, coupling parameter of cuneus \> amygdala (Model 4: *M* = .07, *SD* = .13, Model 5: *M* = .098, *SD* = .26), and amygdala ‐ \> cuneus (Model 4: *M* = −.003, *SD* = .26, Model 5: *M* = .019, *SD* = .27) did not differ significantly.

4. DISCUSSION {#hbm24715-sec-0019}
=============

This study compared two independent cross‐modal paradigms delineating the specifics of as well as the commonalities between the networks linked to the integration of visual information and either olfactory or auditory input in healthy participants as well as in patients with ASD.

4.1. Network related to multimodal integration {#hbm24715-sec-0020}
----------------------------------------------

Using a conjunction analysis, we sought to determine the neuronal circuitries involved in multimodal integration irrespective of the type of sensory stimuli, and identified a network of brain areas spanning the prefrontal, the parietal, and the visual cortices. Thus, during MSI irrespective of the sensory stimuli (but always including visual information), we observed a conjoint recruitment of the brain network related to visual processing (the striate and extrastriate cortices), spatial perception and sustained attention (the parietal cortex) (e.g., Malhotra, Coulthard, & Husain, [2009](#hbm24715-bib-0059){ref-type="ref"}), inhibition and multisensory attention (the insula) (e.g., Ghahremani, Rastogi, & Lam, [2015](#hbm24715-bib-0037){ref-type="ref"}), vigilance, error response monitoring and resolution of response conflict (the medial prefrontal cortex) (Chechko et al., [2009](#hbm24715-bib-0022){ref-type="ref"}; e.g., Chechko et al., [2012](#hbm24715-bib-0021){ref-type="ref"}; Chechko et al., [2016](#hbm24715-bib-0020){ref-type="ref"}), and, finally, motor output (the precentral gyrus). This corroborates the findings of studies that focused on the integration of auditory stimuli with other sensory modalities and favored the role of those areas in MSI processes, often referring to the IPS as one of the central hubs (Bremmer et al., [2001](#hbm24715-bib-0014){ref-type="ref"}; Calvert & Thesen, [2004](#hbm24715-bib-0019){ref-type="ref"}; Grefkes & Fink, [2005](#hbm24715-bib-0040){ref-type="ref"}). Imaging studies in humans and nonhuman primates have established the parietal cortex to be involved in the localization and attention of cues and targets (for a review, see Calvert & Thesen, [2004](#hbm24715-bib-0019){ref-type="ref"}; Macaluso, [2006](#hbm24715-bib-0058){ref-type="ref"}). Crucially, the spatial and temporal consistency of cross‐modal stimuli strongly influences information integration in the parietal cortex (Macaluso, [2006](#hbm24715-bib-0058){ref-type="ref"}).

While the human capacity for optimal MSI appears to be quite pervasive, precisely how multiple sensory cues are integrated in the neural circuitry remains largely unknown. To determine the role of the IPS in the information exchange in both audio--visual and olfactory--visual integration, we searched a small model space comprising plausible connectivity patterns using the DCM and BMS. Regardless of whether olfactory or auditory information had to be integrated with visual information, we found the model structure to be very similar. The commonalities of the models reveal a driving input of bimodal stimulation to the IPS, which in turn exerts a modulatory effect on the reciprocal connections between the respective primary sensory regions (the amygdala and the visual cortex in olfactory--visual integration, or the STG and the visual cortex in audio--visual integration). With regard to audio--visual integration, our results are consistent with other evidence showing that the IPS exerts a top‐down control on the information exchange between the primary sensory regions (Regenbogen et al., [2017](#hbm24715-bib-0072){ref-type="ref"}). Our study also corroborates the notion of the IPS playing a role in olfactory--visual integration (Gottfried & Dolan, [2003](#hbm24715-bib-0039){ref-type="ref"}; Seubert et al., [2010](#hbm24715-bib-0088){ref-type="ref"}), suggesting that, analogous to its role in audiovisual integration, the IPS is involved in a top‐down control for the processing of inputs from the primary sensory regions (Bressler, Tang, Sylvester, Shulman, & Corbetta, [2008](#hbm24715-bib-0015){ref-type="ref"}; Hopfinger, Buonocore, & Mangun, [2000](#hbm24715-bib-0048){ref-type="ref"}).

We also observed a pronounced activation in brain areas involved in different levels of visual processing during MSI (the right cuneus, the bilateral fusiform, and the middle occipital gyri) during auditory--visual integration. In addition, in the whole group, the coupling parameters for the connection from the visual cortex to the auditory cortex were higher than for the opposite connection both in the winning Model 4 and in Model 5. This indicates that the visual enhancement of other sensory processes is central to the understanding of sensory interaction, supporting the Colavita visual dominance effect (Colavita, [1974](#hbm24715-bib-0024){ref-type="ref"}) and a resulting shift of attention toward the visual domain (Posner, Nissen, & Klein, [1976](#hbm24715-bib-0070){ref-type="ref"}). For instance, in case of clear visual stimuli, the visual processing robustly mediates the processing of multisensory information (Regenbogen et al., [2017](#hbm24715-bib-0072){ref-type="ref"}). Thus, our results suggest that the information exchange between the visual cortex and the auditory cortex represents an earlier processing phase of MSI, which has been already observed in audio--visual integration studies (Foxe & Schroeder, [2005](#hbm24715-bib-0031){ref-type="ref"}; Kayser, Logothetis, & Panzeri, [2010](#hbm24715-bib-0050){ref-type="ref"}; Lakatos, Chen, O\'Connell, Mills, & Schroeder, [2007](#hbm24715-bib-0053){ref-type="ref"}). The role of the visual areas in MSI with olfaction had already been demonstrated, indicating the need of information exchange between the olfactory and visual areas to facilitate integration (Lundström et al., [2018](#hbm24715-bib-0057){ref-type="ref"}; Ripp et al., [2018](#hbm24715-bib-0075){ref-type="ref"}). In our experiment, the coupling parameters for the connection from the visual cortex to the olfactory cortex did not differ significantly from the opposite connection either in the winning Model 4 or in Model 5. The amygdala belongs to an affective circuit that generates a psychological state of pleasantness and unpleasantness and enhances the visual processing of the target object (Amaral et al., [2003](#hbm24715-bib-1003){ref-type="ref"}; Barrett et al., [2007](#hbm24715-bib-1004){ref-type="ref"}). Pessoa et al. ([2006](#hbm24715-bib-1005){ref-type="ref"}) suggest that activation of the amygdala may depend on visual perception, since the affective state may dictate target visibility. In this context, we suggest that the amygdala may have the same strength of modulatory control over the visual system as vice versa.

The role of the insula has been elucidated during the processing of simultaneously presented deviant auditory and visual stimuli, with responses in the dorsal anterior cingulate cortex (dACC), the lateral frontal and the posterior parietal cortices having been found to be mediated by the right anterior insula (Chen et al., [2015](#hbm24715-bib-0023){ref-type="ref"}). Also, activation patterns of the insula and the putamen have been shown to be connected during bimodal olfactory--visual stimulation, as opposed to unimodal stimulation (Ripp et al., [2018](#hbm24715-bib-0075){ref-type="ref"}), which appear to be specific to MSI. The medial PFC, including the dACC, has been found to be involved in the top‐down modulation of sensory processing (Chen et al., [2015](#hbm24715-bib-0023){ref-type="ref"}; Debener, Kranczioch, Herrmann, & Engel, [2002](#hbm24715-bib-0027){ref-type="ref"}; Regenbogen, Habel, & Kellermann, [2013](#hbm24715-bib-0071){ref-type="ref"}) and MSI, especially with respect to reorienting attention to the relevant stimuli (Orr & Weissman, [2009](#hbm24715-bib-0068){ref-type="ref"}).

4.2. Effects of the type of sensory stimulation on the network related to multimodal integration {#hbm24715-sec-0021}
------------------------------------------------------------------------------------------------

Our study not only shows commonalities among the brain networks linked to MSI, but it also demonstrates sensory‐specific integration effects. Consistent with the fMRI literature with respect to unisensory processing, we observed activation in the amygdala during olfactory processing (e.g., Seubert et al., [2013](#hbm24715-bib-0087){ref-type="ref"}), activation of the STG as well as the IFG and the dorsomedial prefrontal cortex (dmPFC) during auditory stimulation, and activation of the striate/extrastriate visual areas, the dmPFC and the insula/IFG during visual stimulation (e.g., Costafreda, Brammer, David, & Fu, [2008](#hbm24715-bib-0025){ref-type="ref"}; Nourski, [2017](#hbm24715-bib-0067){ref-type="ref"}; Salomon et al., [2016](#hbm24715-bib-0080){ref-type="ref"}). Examining the network linked to the integration of visual and olfactory information (OV \> O + V), we observed activation in the amygdala, the putamen and the caudate, which dropped out at the conjunction with the respective contrast for audio--visual integration. Comparing the networks linked to the integration of visual and olfactory information, as opposed to the integration of visual and acoustic information (OV -- O -- V \> AV -- A -- V), we noticed increased activation in the right fusiform gyrus and the left lingual gyrus as well as activation in the right amygdala. The observation of amygdala activation is in line with the fMRI studies in which olfactory processing has been seen to elicit activation in the orbitofrontal regions as well as the piriform cortex including the amygdala, with amygdala activation in particular having been seen to be strongly triggered by odors (Costafreda et al., [2008](#hbm24715-bib-0025){ref-type="ref"}; Kadohisa, [2013](#hbm24715-bib-0049){ref-type="ref"}; Seubert et al., [2013](#hbm24715-bib-0087){ref-type="ref"}). The amygdala, which receives a direct input from the olfactory bulb (Kadohisa, [2013](#hbm24715-bib-0049){ref-type="ref"}), is assumed to play a role in evaluative behavior and affective response within associative learning, the encoding, for instance, of positive or negative cues (Schoenbaum, Chiba, & Gallagher, [1999](#hbm24715-bib-0083){ref-type="ref"}; Seubert et al., [2013](#hbm24715-bib-0087){ref-type="ref"}). In addition, it is worth mentioning that the visual areas are more engaged during simultaneous olfactory stimulation as opposed to simultaneous auditory stimulation, indicating more reliance on the visual domain when integrating olfactory as compared to auditory information with visual input. Hence, according to these results, on the neural level, olfaction seems to be less influential with respect to the integration process than audition. Furthermore, during auditory--visual integration (AV \> A + V), as opposed to olfactory--visual integration (AV -- A -- V \> OV -- O -- V), we found increased activation in the STS/STG. Imaging studies have shown that the posterior STS/STG plays an important role in audio--visual sensory integration, involving a range of stimuli and tasks such as multisensory object recognition and audio--visual speech comprehension (Beauchamp, Argall, Bodurka, Duyn, & Martin, [2004](#hbm24715-bib-0007){ref-type="ref"}; Beauchamp, Lee, et al., [2004](#hbm24715-bib-0008){ref-type="ref"}; Calvert, Hansen, Iversen, & Brammer, [2001](#hbm24715-bib-0018){ref-type="ref"}; Stevenson, Geoghegan, & James, [2007](#hbm24715-bib-0094){ref-type="ref"}; Weisberg, Hubbard, & Emmorey, [2017](#hbm24715-bib-0102){ref-type="ref"}).

4.3. Intact MSI in adults with ASD {#hbm24715-sec-0022}
----------------------------------

The ability to integrate multisensory information develops during ontogeny with an individual\'s progressive exposure to the environment\'s versatile stimulation (Stein et al., [2014](#hbm24715-bib-0091){ref-type="ref"}). Adequate experience in terms of exposure to the environmental statistical regularities is required to identify multiple sensory inputs from different modalities and to fully benefit from multisensory cues that develop over time (Gori, Del Viva, Sandini, & Burr, [2008](#hbm24715-bib-0038){ref-type="ref"}; Nardini, Bedford, & Mareschal, [2010](#hbm24715-bib-0065){ref-type="ref"}; Stein et al., [2014](#hbm24715-bib-0091){ref-type="ref"}). This applies to both typically developing individuals (Burr & Gori, [2012](#hbm24715-bib-0017){ref-type="ref"}; Gori et al., [2008](#hbm24715-bib-0038){ref-type="ref"}; Nardini et al., [2010](#hbm24715-bib-0065){ref-type="ref"}) and patients with ASD (Beker et al., [2018](#hbm24715-bib-0009){ref-type="ref"}; Brandwein et al., [2013](#hbm24715-bib-0013){ref-type="ref"}; Foxe et al., [2015](#hbm24715-bib-0030){ref-type="ref"}). As a developmental disorder, ASD is quite heterogeneous and nonstatic, contrary to the common and quite oversimplified perception that autistic behavior is stable over time. Thus, several studies have demonstrated that, especially in adults with Asperger syndrome, capacities pertaining to improvements in executive function (Weiss et al., [2018](#hbm24715-bib-0103){ref-type="ref"}) as well as theory‐of‐mind abilities and empathy develop over time (Pellicano, [2010](#hbm24715-bib-0069){ref-type="ref"}). These changes are attributed to brain maturation on the one hand (Selemon, [2013](#hbm24715-bib-0085){ref-type="ref"}) and, on the other, to the development of compensatory mechanisms (Schulte‐Rüther et al., [2014](#hbm24715-bib-0084){ref-type="ref"}). According to Schulte‐Rüther et al. ([2014](#hbm24715-bib-0084){ref-type="ref"}), early behavioral therapeutic interventions contribute to developmental effects in the neural networks, leading to the formation of neural compensatory strategies such as more controlled processing or greater neural supervisory schemes.

In the present study, no differences in MSI processing were found between HCs and patients with ASD, which is consistent with the growing evidence of amelioration of MSI deficits in individuals with ASD during adolescence (Beker et al., [2018](#hbm24715-bib-0009){ref-type="ref"}; Foxe et al., [2015](#hbm24715-bib-0030){ref-type="ref"}). Measurements of audio--visual integration have shown children with ASD to be able to catch up with their typically developing counterparts at later stages of development (Foxe et al., [2015](#hbm24715-bib-0030){ref-type="ref"}; Stevenson, Siemann, et al., [2014](#hbm24715-bib-0096){ref-type="ref"}; Taylor et al., [2010](#hbm24715-bib-0098){ref-type="ref"}). It should be pointed out, however, that the individuals examined in the present study were adults with largely normal‐range IQs. Thus, the observation that our sample of ASD patients was on par with the typically developing control group may be attributed to the specific properties of the ASD sample, which was not representative of the whole spectrum of the disorder.

4.4. Summary {#hbm24715-sec-0023}
------------

Taken together, the results of the present study show an overlapping network of brain regions involved in MSI of both olfactory--visual and audio--visual information in both patients with ASD and healthy individuals. The results also demonstrate an enhanced recruitment of the IPS to modulate changes between areas relevant to sensory perception across the sensory modalities. However, whether adults with ASD employ compensatory mechanisms to experience MSI, and benefit specifically from the visual enhancement of other sensory cues, remain open questions. To elucidate the potential role of compensatory neural strategies, future research should keep sight of age‐related effects and behavioral therapeutic interventions in children or adolescents with ASD in order to track changes in the sensitivity of neural networks.
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